Orostachys japonicus is an herb that contains several functional components and has traditionally been used to treat various diseases in Asia. In this study, bioactive components from different parts of the O. japonicus plant were investigated, and the contents of the functional components in ethanol extracts of O. japonicus cultivated in Korea and China were compared. The antioxidant effects of O. japonicus ethanol extracts were investigated using Raw 264.7 cells. It was found that 2,2-diphenyl-1-picrylhydrazyl radical-scavenging activity was significantly decreased in the cells treated with the extracts. Moreover, the novel inhibitory functions of O. japonicus extracts on collagenase, elastase, and tyrosinase were established. We also found that O. japonicus extracts strongly inhibited melanin synthesis in B16F10 melanoma cells by decreasing MITF protein levels and activating the Erk and Akt signaling pathways. Thus, these findings would be useful for developing new cosmetic and pharmaceutical formulations based on O. japonicus extracts.
Introduction
Orostachys japonicus A. Berger is a plant that grows ubiquitously on the surface of mountain rocks in Korea, China, and Japan. It has traditionally been used in folk medicine for the treatment of fever, rhinorrhagia, arthritis, bloody excrement, hepatitis, and various cancers. Several flavonoids, triterpenoids, and sterols have been isolated from O. japonicus, such as kaempferol, quercetin, afzelin, astragalin, isoquercetin, and quercitrin [1] [2] [3] [4] . Quercetin and kaempferol derivatives are the major flavonoids of O. japonicus, which are potent scavengers of reactive oxygen species (ROS) [4, 5] . Several potential applications of O. japonicus extracts have been reported as anti-inflammatory agents and antioxidants [6, 7] .
The activities of collagenase and elastase are critical to the maintenance and turnover of connective tissues. In certain pathological states, the activities of these enzymes can lead to severe diseases like pulmonary emphysema, rheumatoid arthritis, stroke, and photodamage in skin [8] [9] [10] . Tyrosinase is an enzyme that catalyzes the conversion of 3,4-dihydroxyphenylalanine, and oxidizes it to dopaquinone, which is involved in the formation of melanin [11] . Furthermore, we also found that the expression levels of melanogenesis-related proteins were dramatically decreased in O. japonicus extract-treated B16F10 melanoma cells, and that both Erk and Akt pathways were activated in O. japonicus extract-treated cells. Melanogenesis is regulated by transcription, protein degradation, and signal transduction mechanisms. The excessive formation of melanin can lead to hyperpigmentation and skin cancer [12] [13] [14] [15] .
Several studies have only focused on the antioxidant activity of O. japonicus extracts. However, the novel effects of O. japonicus extracts remain to be discovered and molecular mechanisms underlying its activity have not yet been clearly established. In the present study, we found that the 70% ethanol extracts (H 2 O:EtOH = 3:7, v/v) of O. japonicus presented the strongest ROS-scavenging activity. Furthermore, the inhibitory effects of O. japonicus extracts on collagenase, elastase, and tyrosinase activity were demonstrated for the first time. These findings provide evidence for the first time that O. japonicus extracts possess the property of connective tissue maintenance and the role of negative regulator on the melanogenesis. In conclusion, O. japonicus may be a potential agent for treatment of skin disorders.
Materials and Methods

Reagents
MEK/Erk-specific inhibitor (2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one, PD98059) and PI3K/Akt-specific inhibitor (2-(4-morpholinyl)-B-phenyl-1(4H)-benzopyran-4-one hydrochloride, LY294002) were purchased from Sigma-Aldrich (St Louis, USA).
Preparation of the O. japonicus extract
Orostachys japonicus was collected from different geographical regions of Korea and China and was rinsed carefully with fresh water, prior to being air-dried. Dried O. japonicus was ground and sifted through a 30-mesh sieve (600 μm, particle size). The powder was extracted with 70% ethanol and the solvent was removed by rotary evaporation.
Fourier transform ion cyclotron resonance (15T FT-ICR) mass spectrometry
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) measurements were performed using FT-ICR-MS equipped with a 5 Tesla superconducting magnet (KBSI, Seoul, Korea). Orostachys japonicus extracts were dissolved to 1 mg/ml in HPLC grade-methanol (Merk, Kenilworth, UAS)/ultra pure water (50:50, v/v) and diluted the sample to a concentration of 10 ppm using the same solvent, introduced into the electrospray ion (ESI) source by infusion with a flow rate of 400 μl/min and ionized in positive mode. Nitrogen was used as the drying and nebulizing gas, at temperature of 180°C. Ion accumulation time was set to 0.01 s for each scan. About 500 scans were accumulated for the mass spectrum.
Cell lines
The Raw 264.7 murine monocyte cell line was obtained from American Type Culture Collection (ATCC, Manassas, USA) and maintained in Dulbecco's modified Eagle's medium (DMEM) (Thermo Fisher, Waltham, USA) supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin at 37°C in a humidified incubator containing 5% CO 2 . CCD986-Sk human fibroblast and B16F10 murine melanoma cell lines (Korean Cell Line Bank, Seoul, Korea) were maintained in DMEM supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin at 37°C in a humidified incubator containing 5% CO 2 . Free radical-scavenging activity assay
Cell viability assay
The free radical-scavenging activity of the extracts was measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH) method as described earlier [16] . Twenty microliters of O. japonicus extracts (100 μg/ml) or various flavonoids diluted in methanol were mixed with 180 μl of DPPH solution (Sigma, St Louis, USA) in methanol (50 μg/ml) in a 96-well plate. The plate was stored in the dark for 15 min and the absorbance was measured at 517 nm using the microplate reader.
Collagenase inhibitory assay
Collagenase inhibitory assay was performed by using an MMP-1 Human ELISA kit (Amersham, Little Chalfont, UK) with standard manufacturer's protocol. The assay was performed in 100 mM TrisHCl buffer (pH 7.5) with 4 mM CaCl 2 . The synthetic substrate, 4-phenylazobezyloxylcarbonyl-Pro-Leu-Gly-Pro-Arg, was dissolved in 100 ml buffer to 0.3 mg/ml and then 250 μl of this solution was added into the test tube with 100 μl of various concentration of O. japonicus extracts (500, 250, 125, and 62.5 μg/ml). Collagenase was dissolved in the buffer to 0.2 mg/ml, and 150 μl of this solution was added. After incubation at 25°C for 20 min, the reaction was stopped by addition of 6% citric acid. The reaction mixture was separated using 1.5 ml of ethyl acetate. The absorbance was measured at 320 nm using the microplate reader.
Collagen Type I synthesis assay CCD986-Sk human fibroblast cells were seeded to a 96-well plate and cultured for 24 h. After incubation, the culture medium was changed to serum-free medium or O. japonicus extract-treated medium (500, 250, and 125 μg/ml) and incubated for 48 h. The supernatant was collected from each well and the amount of procollagen Type I was measured with a pro-collagen Type I C-peptide assay kit (Takara, Otsu, Japan).
Elastase activity assay
Elastase activity assay on O. japonicus extracts was conducted using elastase from porcine pancreases (Elastase Human ELISA kit; Abcam, Cambridge, UK). About 500 U of elastase was dissolved in 50 mM Tris-HCl buffer (0.6 U/ml, pH 8.6), and 5 mg of elastase substrate, N-succinyl-(L-Ala)3-p-nitroanilide (AAAPVN), was dissolved in 5 ml of 50 mM Tris-HCl buffer (1 mg/ml, pH 8.6). To measure elastase activity, 100 μl of 100 mM Tris-HCl buffer (pH 8.0), 25 μl of elastase substrate IV solution, 50 μl of various concentrations of O. japonicus extracts (500, 250, 125, and 62.5 μg/ml) and 25 μl of elastase solution were dispensed into each well of a 96-well plate and then incubated for 30 min at room temperature. The elastase activity was quantified by measuring light absorbance at 410 nm with the microplate reader.
Tyrosinase activity assay CCD986-Sk human fibroblast cells were subject to a tyrosinase activity assay with L-3,4-dihydroxyphenylalanine (L-DOPA) as the substrate. The cells were treated with O. japonicus extracts (500, 250, 125, and 62.5 μg/ml) for 24 h and were lysed with 1× cell lysis buffer (Cell Signaling Technology, Danvers, USA) and then centrifuged at 18,000 g for 30 min at 4°C. The supernatant was collected and tested for the cell tyrosinase activity. The reaction mixture containing 60 mM phosphoric acid buffer solution (pH 6.8), 10 mM L-DOPA solution, and the supernatant (or mushroom tyrosinase) was incubated at 37°C. After incubation, the dopachrome was monitored at 475 nm for 5 min. The absorbance was increased along with the oxidation of the substrate (L-DOPA). The final concentration of dopachrome was measured using the molar absorption coefficient of 3700
. One unit of enzymatic activity was defined as the amount of enzyme transforming 1 μmole L-DOPA per min.
Melanin content analysis
B16F10 cells were seeded into a culture plate and then incubated for 24 h. The culture medium was removed and replaced with fresh medium containing various concentrations of O. japonicus extracts (500, 250, and 125 μg/ml) for 48 h. After cells were harvested and washed with PBS, total melanin content in cell pellet was imaged with a light microscope (Huvitz, Anyang, Korea).
Immunoblotting analysis
B16F10 cells were treated with various concentrations of O. japonicus extracts. Cells were lysed on ice in lysis buffer for 30 min. Total proteins were separated by electrophoresis on 4%-10% SDS-polyacrylamide gel and transferred to a PVDF membrane. Target proteins were detected using the following primary antibodies: anti-MMP1 (1:1000), anti-MMP2 (1:1000), anti-tyrosinase (1:1000), anti-TRP1 (1:1000), anti-TRP2 (1:1000), anti-MITF (1:1000), anti-p-MITF (1:1000), antip-Erk (1:1000), anti-Erk (1:1000), anti-p-JNK (1:1000), anti-JNK (1:1000), anti-p-Akt (1:1000), anti-Akt (1:1000), and anti-β-actin (1:3000). All antibodies were from Cell Signaling Technology (Danvers, USA), and visualized using HRP-conjugated secondary antibody (Jackson Laboratory, Bar Harbor, USA).
Statistical analysis
All experiments were performed in triplicate. The data are expressed as the mean ± standard deviation (SD). Significant differences between controls and O. japonicus extract-treated cells were determined using Student's t-test and one-way ANOVA at P < 0.05. [1, 3, [17] [18] [19] . However, no profiling study of the components from O. japonicus has been performed. Therefore, the components of O. japonicus extract, including flavonoids, fatty acids, and polyphenols from the whole plant and different tissues of the plant (flowers, leaves, and stems) were examined ( Table 1) . Several natural components were successfully characterized from ethanol (70%) extracts of O. japonicus (H 2 O:EtOH = 3:7, v/v) by using 15T FT-ICR mass spectrometry. FT-ICR is a type of mass analyzer for determining the mass-to-charge ratio (m/z) of ions based on the cyclotron frequency of the ions in a fixed magnetic field [20] . The identified components are shown in Table 1 .
Results and Discussion
Currently, Chinese O. japonicus is more widely used as a traditional medicine than Korean O. japonicus. Scientific research should be conducted to determine the difference in physiological activity between O. japonicus from Korea and China. First, the contents of major flavonoids in extracts of O. japonicus from Korea and China were analyzed. The contents of five flavonoids and one polyphenol in ethanol (70%) extract of O. japonicus are presented in Table 2 . Orostachys japonicus from Korea was used in the subsequent experiments. These data provide important information for therapeutic and cosmetic applications of O. japonicus.
General effects of O. japonicus extract on the viability and DPPH radical-scavenging activity of Raw 264.7 cells
The cellular toxicity of O. japonicus extracted with different solvents has been reported [6, 7] . In the present study, O. japonicus was extracted with 70% ethanol. To determine the toxicity of O. japonicus, the effects on macrophage cell proliferation were investigated (Fig. 1A) . The results indicated that O. japonicus extract from Korea increased the viability of Raw 264.7 cells by approximately 50% compared to that of the DMSO control at a concentration of 125 μg/ml. However, O. japonicus extract from China did not affect cell viability at the same concentration. Thus, O. japonicus extract (125 μg/ml) is not associated with cytotoxicity. Retinoic acid, a derivative of vitamin A, was used as a positive control in cell viability assay. Nitric oxide (NO) is an important mediator of inflammatory responses and it is produced by macrophages to destroy certain intracellular pathogens and tumor cells. But, over-production of NO causes various inflammatory diseases. However, O. japonicus extract did not inhibit NO production, indicating that O. japonicus extract might not be involved in the NO synthase pathway in Raw 264.7 cells (Supplementary Fig. S1 ).
DPPH radical-scavenging assay is an easy, rapid, and sensitive method that screens the antioxidant activity of a chemical [21] . The antioxidant activity of O. japonicus extract was determined by the DPPH radical-scavenging assay (Fig. 1B) . Orostachys japonicus extracts from Korea and China reduced DPPH radical activity by approximately 20% compared to the DMSO control at a concentration of 100 μg/ml, highlighting the potential of O. japonicus to suppress oxidative stress in cells. The suppressive effects between O. japonicus from Korea and China did not differ significantly. The antioxidant effects of O. japonicus extracts may be primarily attributed to their rich source of flavonoids, such as rutin, kaempferol, isoquercitrin, and quercitrin [7] . Therefore, the DPPH radicalscavenging activity of various flavonoids was also examined and it was demonstrated that most flavonoids showed scavenging activity similar to that of O. japonicus extracts (Fig. 1B) .
Inhibitory effects of O. japonicus extract on collagenase and elastase activity A number of researches have reported that MMPs are dramatically induced in photo-damaged, aged, and inflamed skin [8] [9] [10] . These pathological conditions involved hyperactivity on MMP, which is the part of collagenase. MMPs are known to be overexpressed in fibroblasts after exposure to ultraviolet (UV). MMP-1 degrades collagen, gelatin, and proteoglycan-linked protein [22] [23] [24] . Furthermore, MMPs play important roles in the degradation of the extracellular matrix in processes of tumor metastasis, invasion, and migration [25] [26] [27] [28] . Therefore, it is important to find promising candidates that could inhibit the degradation of collagens. To investigate the effects of O. japonicus extracts on collagenase activity, several concentrations of extracts were added to the assay solutions. As shown in Fig. 2A , addition of increased concentration of O. japonicus extracts resulted in decreased collagenase activity. The collagenase activity was decreased by approximately 85% at 500 μg/ml of O. japonicus extracts (Fig. 2A) . 1,10-Phenanthroline was used as the positive control. To investigate whether O. japonicus affects the expressions of MMPs, including MMP1 and MMP2, these protein levels were examined in fibroblast cells using western blot analysis after treatment with different concentrations of O. japonicus extracts (125, 250, and 500 μg/ml). Both MMP1 and MMP2 were dose-dependently down-regulated after treatment with O. japonicus extracts (Fig. 2B) .
Collagens form extracellular matrix proteins found in connective tissues and represent approximately 30% of total proteins in mammalians [29, 30] . They are synthesized as precursor molecules, pro-collagens. Pro-collagens contain additional peptide sequences at both termini. These pro-peptides cleaved from the secreted collagen triple-helix molecules are assembled into extracellular fibrils [29, 31] . Therefore, the amount of free pro-peptide reflects the amount of collagen molecules synthesized. To examine the amount of collagen synthesis that occurs upon addition to the O. japonicus extracts, collagen Type I was detected by using a pro-collagen Type I Cpeptide assay kit. O. japonicus extracts increased the expression of collagen Type I in a dose-dependent manner. A concentration of 500 μg/ml O. japonicus extracts showed an increase in collagen Type I synthesis of approximately 20% (Fig. 2C) .
Elastin is also an extracellular matrix protein and the major component of the elastic fibers of the connective tissues and tendons [32] . Elastase is a proteinase enzyme that can degrade elastin in connective tissues. Elastase also plays a major role in inflammation [33] . Under pathological conditions, elastase activity can lead to the uncontrolled destruction of structural proteins and development of severe diseases such as pulmonary emphysema, rheumatoid arthritis, thrombosis, and stroke [34, 35] . Therefore, inhibition of elastase activity could be used as a protective method to retain connective tissue elasticity and prevent the occurrence of several diseases. It was found that O. japonicus extracts also dramatically inhibited elastase activity. As shown in Fig. 2D , treatment with 500 μg/ml O. japonicus extracts resulted in an approximate 45% decrease in enzymatic activity of elastase compared with the control. Treatment of elastatinal was used as a positive control.
These results provide the first evidence that O. japonicus extracts possess protective effects for damage of connective tissues.
Effects of O. japonicus extract on tyrosinase activity in human fibroblast cells
Tyrosinase, which is involved in the first step of melanin synthesis, is responsible for pigmentation of the skin and hair in animals, and is important in wound healing and immune response [36, 37] . Upon exposure of the skin to ionizing radiation, including UV, melanogenesis is enhanced by the activation of tyrosinase. Natural components derived from herbal plant extracts are of interest for cosmetic applications, such as skin whitening. Furthermore, tyrosinase inhibitors could be used for the treatment of skin disorders, such as hyperpigmentation [12] [13] [14] . Although tyrosinase inhibitors derived from plant sources have been reported, the effect of O. japonicus extracts on tyrosinase activity remains to be elucidated. Therefore, the effect of O. japonicus extracts on tyrosinase activity was examined. Ethanol extracts (70%) of O. japonicus were evaluated for their inhibitory effects on tyrosinase activity. Kojic acid was used as a positive control due to its well-known anti-tyrosinase activity. The extracts showed approximately 70% inhibition of tyrosinase activity at a concentration of 500 μg/ml (Fig. 3) .
Effects of O. japonicus extract on pigment formation in murine melanoma cells
Melanogenesis is a parameter of differentiation of melanocytes and takes place in special cellular organelles, melanosomes [38] .
Excessive melanogenesis causes pigmentary disorders, including hyperpigmentation, or skin cancer [39] [40] [41] [42] . Melanin synthesis is primarily regulated by the tyrosinase enzyme. Therefore, safe and effective inhibitors of tyrosinase have been investigated. Because tyrosinase activity is inhibited by O. japonicus extracts, we examined the role of O. japonicus extracts in melanogenesis using murine B16F10 melanoma cells. The pigmentation of cell pellets was dramatically decreased in O. japonicus extract-treated cells relative to control cells (Fig. 4A) . Therefore, O. japonicus extracts have the potential to be developed as cosmetic and pharmaceutical formulations to prevent the over-production of melanin.
Effects of O. japonicus extracts on Erk and Akt signaling pathways in murine melanoma cells
The tyrosinase enzyme is modulated by microphthalmia-associated transcription factor (MITF), a major transcription factor in melanogenesis [43, 44] . Tyrosinase, tyrosinase-related protein 1 (TRP1), and TRP2 are targets of melanogenic enzymes expressed by MITF [45, 46] . TRP1 has been reported to display tyrosinase activity in murine pigment cells. Moreover, TRP1 in mouse melanocytes is known to induce tyrosinase activity by forming a complex [47] . To investigate whether O. japonicus extracts can influence the level of melanogenic proteins, we performed western blot analysis using the lysate of B16F10 melanoma cells treated with O. japonicus extracts. Significant decreases in the expressions of tyrosinases TRP1 and TRP2 were observed in a dose-dependent manner after treatment with O. japonicus extracts. The upstream transcription factor, MITF, was also down-regulated in a dose-dependent manner by O. japonicus extracts (Fig. 4B) . Taken together, these results suggest that O. japonicus extracts inhibit melanin synthesis in melanoma cells by down-regulating MITF protein expression.
To determine the specific mechanism involved in O. japonicus extract-regulated inhibition of melanin synthesis, we investigated the effect of O. japonicus extracts on signal transduction pathways. The activation of Erk and Akt signaling pathways has been reported to be involved in inhibiting melanogenesis [48] [49] [50] [51] . Erk activation is responsible for the regulation of MITF protein stability through its phosphorylation. Increased phosphorylation of MITF decreases its stability and leads to degradation in proteasomes [49] . Therefore, we next investigated the effects of O. japonicus extracts on activation of the MAPK and Akt pathways in B16F10 melanoma cells. Treatment of O. japonicus extracts dramatically induced phosphorylation of Erk and Akt (Fig. 4B) . Involvement of other MAPK pathways was also examined. There was no significant change in phosphorylation of JNK (Fig. 4B) . We further investigated whether the effects of O. japonicus extracts on the reduction of MITF and increased phosphorylation of MITF are responsible for MEK/Erk and PI3K/Akt phosphorylation. We examined the reduction of MITF and increased phosphorylation of MITF in B16F10 cells cotreated with O. japonicus extracts and MEK/Erk-specific inhibitor (PD98059) or PI3K/Akt-specific inhibitor (LY294002). Addition of PD98059 blocked the down-regulation of MITF and the increased phosphorylation of MITF by O. japonicus treatment (Fig. 4C) . Furthermore, addition of LY294002 also inhibited the increased phosphorylation of MITF, but not the reduction of MITF, by O. japonicus treatment (Fig. 4D) . These findings indicate that the inhibitory effects of O. japonicus extracts against melanogenesis are associated with the activation of the Erk and Akt pathways, as well as the induction of proteasomal degradation of MITF.
Conclusion
We reported the profile of natural components in O. japonicus extracts from the whole plant and tissues of the plant, and the differences in flavonoid contents between O. japonicus from Korea and China were demonstrated. Furthermore, O. japonicus extracts are not associated with cellular toxicity. Orostachys japonicus extracts decreased DPPH radical activity by up to 20% compared to that of the DMSO control. Moreover, the novel inhibitory functions of O. japonicus extracts on collagenase, elastase, and tyrosinase were established. We also found that O. japonicus extracts strongly inhibited melanin synthesis in B16F10 melanoma cells by decreasing MITF protein level and activating the Erk and Akt signaling pathways. Although further studies are required to elucidate the detailed relationship between several components from O. japonicus and signaling pathways in melanogenesis, our study provides valuable information that could aid the development of new cosmetic and pharmaceutical substances based on O. japonicus extracts.
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